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Abstract 
Axial piston pumps and motors are widely used in heavy-duty applications and play a 
fundamental role in hydrostatic and power split drives. The mechanical power losses in 
hydraulic piston pumps come from the friction between parts in relative motion. The 
improvement, albeit marginal, in overall efficiency of these components may 
significantly impact the global efficiency of the machine. The friction between slipper 
and swash plate is a functional key in an axial piston pump, especially when the pump 
(at low rotational speed or at partial displacement) works in the critical areas where the 
efficiency is low. 
The application of special surface treatments have been exploited in pioneering works 
in the past, trying different surface finishing or adding ceramic or heterogeneous 
metallic layers. The potential of structured coatings at nanoscale, with 
superhydrophobic and oleophobic characteristics, has never been exploited. 
Due to the difficulty to reproduce the real working conditions of axial piston pump 
slippers, it has been made a hydraulic test bench properly designed in order to 
compare the performance of nano-coated slippers with respect to standard ones. 
The nano-coated and standard slippers have been subjected to the following working 
conditions: a test at variable pressure and constant rotational speed, a test at constant 
pressure and variable rotational speed. The comparison between standard and nano-
coated slippers, for both working conditions, shows clearly that more than 20% of 
friction reduction can be achieved using the proposed nano-coating methodology. 
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1 Introduction 
There are several challenging issues associated with the pump, such as conflicts 
between lubrication and wear, and between sealing and leakage. Particularly, in an 
axial piston pump, slipper and swash plate can form a key friction pair, where the 
above conflicts exist and may result in significant influences on the pump performance. 
Figure 1 shows a general scheme of an axial piston pump. 
 
Figure 1: General scheme of an axial piston pump 
Hydrostatic slipper bearing is an effective way to maintain a fluid film between slipper 
and swash plate that slide reciprocally, and thereby mitigating surface-to-surface direct 
contact. 
The working principle of the slipper designed according to the hydrostatic bearing 
theory is shown in figure 2. High-pressure oil flows into the oil chamber under the 
slipper through damper orifice and generate hydraulic separating force, then the oil 
leaks from oil chamber to the pump case.  
 
Figure 2: Hydrostatic slipper bearing with an annular orifice damper 
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Proper design is aimed to keep balance between the hydraulic separating force and 
pressing force that act on the slipper, and forms an oil film. When the axial piston pump 
works, the pressing force that acts on it constantly changes but, due to damping effect 
made by the orifice, it ensures an oil film thickness under the slipper, maintaining 
stability despite the variation of load. So that reliable fluid lubrication is provided, and 
direct contact between the slipper and the swash plate is avoided. 
In this context it is useful to introduce the concept of wettability [1] which is one of the 
important properties of solid surfaces from both fundamental and practical aspects. The 
main wettability influencing factors are the surface energy and the surface roughness. 
Lowering the surface energy is possible to enhance the hydrophobic behavior of the 
surface. 
Adamson, Israelachvili, Bhushan [2] [3] [4] defined that hydrophobicity and 
oleophobicity properties of a surface (wettability) are characterized by the static contact 
angle, or simply contact angle, made between a water or oil droplet and a surface . If 
the contact angle is less than 90°, a surface can be considered as hydrophilic whereas 
the hydrophobic behavior is fully developed if the contact angle is greater than 90° 
(Figure 3). Surfaces with the contact angle greater than 150° and 120° are called 
superhydrophobic and oleophobic respectively. The contact angle depends on several 
factors, such as surface energy, roughness, the manner of surface preparation, and 
surface cleanliness. 
 
Figure 3: Hydrophobic and hydrophilic surface 
The lubrication and wettability properties are the key factors to understand the friction 
and wear phenomena that occur between the slippers and the swash plate in hydraulic 
pumps. A better wettability between the two surfaces leads to a greater oil thickness 
and therefore a friction coefficient reduction. The friction coefficient reduction between 
surfaces, mutually in contact to each other, brings about an improvement of the 
mechanical efficiency and therefore the overall efficiency of the machine increases. 
Many studies on hydrostatic thrust bearing in hydraulic axial piston equipment have 
been carried out considering multiple impact factors such as operating conditions, 
geometric parameters, and matching materials. 
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Kazama and Yamaguchi [5] [6] focused on reasonable design criteria for optimum 
sizes of the bearing and the seal parts of the hydraulic equipment, under the conditions 
of concentric loads and steady state.  
Pang et al. [7] studied the lubrication condition between the slipper and the oblique 
plate of a high pressure pump that affects its operating life. They investigated oil film 
pressure distribution and load characteristics considering (a) the pressure–viscosity 
effect of the lubricant, (b) the pressure–elasticity effect of the lubricating surface, and 
(c) the properties of dynamic stiffness in the oil film.  
Koc and Hooke et al. [8] [9] carried out an experimental and theoretical investigation of 
the effects of deformation in slipper pad, clamping ratio and orifice size on the load-
carrying capacity of hydrostatic thrust bearing under a low-speed condition in axial 
piston pumps and motors. 
Li KY and Hooke [10] measured the friction of water-based slippers. The results were 
consistent with the clearances predicted using the model developed for oil-based 
slippers, although the clearances are now typically below 1 μm. 
In the last years, using metals, alloys or polymers as substrates, many different 
strategies have been developed to design functional materials with enhanced 
repellence to polar or non-polar fluids. However, the application of surface 
functionalization in the field of fluid power design is a completely new area of 
application. The engineering of textured surfaces that repel a range of polar and non-
polar liquid through appropriate combination of local surface features and alteration is 
still a hard task. No reference exists in literature, in practice or in patent databases 
directly addressing the potential benefits to hydraulic pumps and motors of the 
approach proposed. 
Considering the “state of the art” exposed and based on the results obtained in the 
previous study by the same authors [11], a new set of experimental tests, using the 
same hydraulic test bench, has been performed in order to compare the performances, 
in terms of friction coefficient, of nano-coated slippers with respect to standard ones at 
different working conditions. 
2 The tested samples  
The piston is located in the cylinder block and oil is fed to the slipper pocket via orifices 
in the ball-joint and slipper. The slipper pocket is a recess surrounded by the inner land 
and sometimes an outer land for extra stability. This design is based on the assumption 
that pocket pressure is equal to piston pressure at zero clearance, and this creates lift 
in the pocket area which lifts the slipper allowing oil to flow across the lands until the 
load generated under the slipper matches the load on the piston. The slipper is pivoted 
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on the ball at the end of the piston to allow it to adjust to the swash plate angle and to 
rotate relative to the piston. High pressure fluid from above the piston is connected via 
the control orifices in the piston and slipper to the central slipper pool allowing most of 
the piston load to be carried hydrostatically. Figure 4 shows a typical standard slipper. 
  
Figure 4: Standard sample (STD) 
The design and synthesis of hybrid organic-inorganic coatings - with a tailored 
nanostructure and a controlled chemistry - able to significantly reduce the wettability of 
metals and alloys against fluids have been developed and patented by ISTEC-C.N.R 
[12] [13] [14]. The coating composition is fully compatible from the chemical point of 
view with the component to be functionalized. The functionalized sample is depicted in 
figure 5. For further details please refer to the above mentioned patents [12] [13]. 
In this context, precursors of the organic-inorganic coatings have been obtained in form 
of stable nanosuspensions in water by a sol-gel approach [15] [16], getting a high 
control degree on phases, particle size (average particle dimensions of about 40 nm) 
and composition. 
  
Figure 5: Functionalized sample (FNZ) 
Each sample has been characterized both with water and with oil (ISO VG 46) and the 
standard deviation has been calculated. In particular, 2 pairs of standard (STD) slippers 
and 2 pairs of nano-coated (FNZ) slippers have been tested. The laboratory results are 
shown in table 1. 
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Laboratory characterization 
Sample WCA (°) St. dev. CAH (°) St. dev. OCA (°) St. dev. 
Standard 1 95.6 7.8 22.6 3.2 26.0 5.0 
Standard 2 100.8 5.0 25.6 1.4 37.9 6.4 
Standard 3 100.0 3.6 26.1 1.7 32.5 3.4 
Standard 4 98.1 4.6 27.8 1.0 26.0 2.9 
Standard mean 98.6 5.6 25.5 2.7 30.6 6.7 
Nano-coated 1 153.9 26.1 9.3 5.4 123.0 15.8 
Nano-coated 2 164.9 27.6 9.0 7.8 134.3 22.7 
Nano-coated 3 167.4 23.0 4.8 6.3 135.8 24.2 
Nano-coated 4 155.6 27.0 10.7 10.2 120.1 18.4 
Nano-coated mean 160.4 25.4 9.0 7.3 128.3 20.8 
Table 1: Water contact angle (WCA), contact angle hysteresis (CAH), oil contact angle 
(OCA) for STD and FNZ samples 
3 The experimental tests 
The activity has focused on the characterization, by means of experimental analysis, of 
nano-coated (FNZ) slippers with respect to standard (STD) ones.  
It is not easy to analyze the real working conditions directly using an axial piston pump. 
For this purpose an experimental test bench has been designed at IMAMOTER-C.N.R. 
with the aim to assess the performance of the slipper surface. 
The working principle of the test bench is exactly inverse to a real pump (figure 6). The 
slippers are fixed, while the swash plate rotates around axis with a defined rotational 
speed. The swash plate rotational speed is controlled by a hydraulic motor.  
The slippers power supply system (figure 7) is controlled by a proportional valve, 
adapting an existing setup at IMAMOTER-CNR institute. The resistant torque between 
the slippers and the swash plate is acquired by means of a force sensor (load cell) and 
a dedicated acquisition set. For further details please refer to the paper [11].  
The oil flow rate at the output of the slipper orifice is included between 0.7 and 2.3 l/min 
depending on the operating conditions. 
The superhydrophobic and oleophobic functionalized components, obtained by 
deposition of inorganic and hybrid organic-inorganic systems, have been mounted on 
the hydraulic test bench and subjected to the following experimental tests:  
 functional test at variable pressure and constant rotational speed 
 functional test at constant pressure and variable rotational speed 
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it is important to underline that the functional tests have been performed with an 
inclination angle between slippers and swash plate equal to 0°. Therefore the tests 
simulate a hydraulic pump to zero displacement. 
The complete test bench and the hydraulic diagram are depicted in figure 6 and 7. 
 
Figure 6: Inverse kinematic test bench 
 
Figure 7: Hydraulic scheme of the slippers power supply system 
Load Cell Frame structural elements 
Hydraulic motor Rotary encoder 
Slippers 
Swash plate 
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Before defining the tests performed and the 
results obtained, let us focus on analytical 
aspect of the problem.  
Known the slipper surface and the supply 
pressure, the force (load capacity) that the 
slipper exercise on the swash plate has been 
calculated as: 
W pS pa
π
2
R2
2 R1
2
log R2R1
     N  
Known the axial force acting on swash plate 
and the load of the cell, the resistant torque 
has been calculated using the following 
equation:  
Tr Lc g br    Nm  
Known the resistant torque, the friction force 
has been calculated as: 
Ff
Tr
bf
     N  
Known the friction force, the friction coefficient 
has been calculated by means of the following 
equation: 
cf
Ff
W
 
The input data, related to the operating 
conditions, are defined below: 
 
Test bench Data 
Parameters Magnitude Unit 
Dynamic load bearing 81 kN 
Reaction arm (br  0.23 m 
Frictional arm (bf  0.15 m 
slipper surface 404.5 mm2 
Table 2: Input data 
Figure 9: Test bench 
operating conditions
Swash 
plate 
Figure 8: Slipper geometric 
configuration 
W 
Slippers 
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4 Results 
As mentioned above, standard (STD) and nano-coated (FNZ) slippers have been 
tested in order to assess the behavior and the performance from a mechanical point of 
view. In particular 2 pairs of standard (STD) slippers and 2 pairs of nano-coated (FNZ) 
slippers have been compared and subjected to the following tests: 
 functional test at variable pressure and constant rotational speed (Standard 
samples 1-2, functionalized samples 1 - 2) 
 functional test at constant pressure and variable rotational speed (Standard 
samples 3-4, functionalized samples 3 - 4) 
4.1 Functional test at variable pressure and constant velocity 
The tests have been carried out at rotational speed of 1000 rpm and at variable 
pressure from 10 to 100 bar. Three test have been performed for both standard (1-2) 
and nano-coated (1-2) slippers under the same working conditions. 
The results for standard (table 3) and nano-coated (table 4) slippers are listed below: 
STD slippers 
Pressure [bar] Test 1 Test 2 Test 3 Mean value 
10 1.92E-02 ± 8.86% 2.29E-02 ± 3.71% 1.85E-02 ± 6.81% 2.02E-02 ± 11.70% 
20 1.03E-02 ± 7.77% 1.21E-02 ± 5.68% 1.00E-02 ± 4.56% 1.08E-02 ± 10.62% 
30 7.31E-03 ± 8.25% 8.66E-03 ± 3.55% 7.05E-03 ± 6.78% 7.67E-03 ± 11.22% 
40 5.77E-03 ± 5.13% 6.92E-03 ± 9.27% 5.67E-03 ± 4.08% 6.12E-03 ± 11.36% 
50 4.89E-03 ± 8.08% 5.73E-03 ± 5.07% 4.77E-03 ± 3.65% 5.13E-03 ± 10.24% 
60 4.30E-03 ± 7.25% 5.03E-03 ± 4.28% 4.20E-03 ± 5.41% 4.51E-03 ± 10.11% 
70 3.87E-03 ± 5.83% 4.51E-03 ± 4.12% 3.79E-03 ± 6.60% 4.06E-03 ± 9.63% 
80 3.68E-03 ± 5.04% 4.04E-03 ± 4.23% 3.53E-03 ± 2.39% 3.75E-03 ± 6.93% 
90 3.50E-03 ± 5.29% 3.76E-03 ± 3.32% 3.29E-03 ± 2.45% 3.52E-03 ± 6.69% 
100 3.40E-03 ± 4.96% 3.60E-03 ± 6.17% 3.14E-03 ± 3.92% 3.38E-03 ± 6.86% 
Table 3: Friction coefficient of standard (STD) slippers at different pressures 
FNZ slippers 
Pressure [bar] Test 1 Test 2 Test 3 Mean value 
10 1.23E-02 ± 11.31% 1.83E-02 ± 13.51% 1.35E-02 ± 12.40% 1.47E-02 ± 21.54% 
20 6.64E-03 ± 12.86% 9.91E-03 ± 13.66% 7.31E-03 ± 10.96% 7.95E-03 ± 21.72% 
30 4.81E-03 ± 14.83% 7.44E-03 ± 11.56% 5.45E-03 ± 13.65% 5.90E-03 ± 23.24% 
40 3.99E-03 ± 12.86% 5.96E-03 ± 10.91% 4.38E-03 ± 13.88% 4.78E-03 ± 21.88% 
50 3.62E-03 ± 11.85% 5.00E-03 ± 9.33% 3.77E-03 ± 10.41% 4.13E-03 ± 18.38% 
60 3.27E-03 ± 9.27% 4.36E-03 ± 9.72% 3.43E-03 ± 8.67% 3.69E-03 ± 15.96% 
70 3.10E-03 ± 6.89% 4.01E-03 ± 7.22% 3.27E-03 ± 9.79% 3.46E-03 ± 13.95% 
80 2.96E-03 ± 8.94% 3.70E-03 ± 6.07% 3.01E-03 ± 6.89% 3.22E-03 ± 12.95% 
90 2.86E-03 ± 7.61% 3.46E-03 ± 5.91% 2.91E-03 ± 4.94% 3.08E-03 ± 10.85% 
100 2.87E-03 ± 5.46% 3.35E-03 ± 5.93% 2.83E-03 ± 5.19% 3.01E-03 ± 9.60% 
Table 4: Friction coefficient of nano-coated (FNZ) slippers at different pressures 
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The mean friction coefficient for standard and functionalized samples at different 
working pressures is shown in table 5. 
Mean friction coefficient 
Pressure [bar] STD samples FNZ samples Percentage gain (%) 
10 2.02E-02 ± 11.70% 1.47E-02 ± 21.54% 27.30 
20 1.08E-02 ± 10.62% 7.95E-03 ± 21.72% 26.41 
30 7.67E-03 ± 11.22% 5.90E-03 ± 23.24% 23.12 
40 6.12E-03 ± 11.36% 4.78E-03 ± 21.88% 21.99 
50 5.13E-03 ± 10.24% 4.13E-03 ± 18.38% 19.50 
60 4.51E-03 ± 10.11% 3.69E-03 ± 15.96% 18.25 
70 4.06E-03 ± 9.63% 3.46E-03 ± 13.95% 14.67 
80 3.75E-03 ± 6.93% 3.22E-03 ± 12.95% 14.10 
90 3.52E-03 ± 6.69% 3.08E-03 ± 10.85% 12.55 
100 3.38E-03 ± 6.86% 3.01E-03 ± 9.60% 10.82 
Table 5: Mean friction coefficient of STD and FNZ samples at different pressures 
The trend of friction coefficient for STD and FNZ samples at different pressures is 
shown in figure 10. The following figure highlights that the friction coefficient of nano-
coated samples is lower than standard ones at different working conditions. 
Finally the percentage gain, in terms of friction coefficient, of FNZ samples with respect 
to STD ones has been calculated (figure 11). 
 
Figure 10: Friction coefficient VS Pressure 
The percentage gain of the functionalized samples with respect to standard ones is 
included between 27% and 10%. The friction coefficient reduction allows to obtain an 
improvement of the mechanical efficiency of the machine. The results obtained in the 
following work differ from those obtained in the paper [11]. As regards the paper [11], 
the test (at variable pressure) has been performed at 700 rpm and at room 
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temperature. In the following work, the test at variable pressure has been performed at 
1000 rpm and an oil temperature equal to 50 °C. 
 
Figure 11: Percentage gain of FNZ samples with respect to STD ones 
4.2 Functional test at constant pressure and variable rotational speed 
The tests have been performed at constant pressure of 50 bar and at variable 
rotational speed from 300 to 1800 rpm. Three test have been performed for both 
standard (3-4) and nano-coated (3-4) slippers under the same working conditions. 
The results for standard (table 6) and nano-coated (table 7) slippers are listed below: 
STD samples 
Rotational 
speed [rpm] Test 1 Test 2 Test 3 Mean value 
300 3.42E-03 ± 4.11% 4.04E-03 ± 6.23% 4.04E-03 ± 5.65% 3.83E-03± 9.27% 
600 4.62E-03 ± 0.51% 4.73E-03 ± 0.76% 4.65E-03 ± 0.82% 4.67E-03± 1.26% 
900 5.35E-03 ± 0.82% 5.39E-03 ± 0.25% 5.35E-03 ± 0.33% 5.36E-03± 0.41% 
1200 6.00E-03 ± 0.76% 5.85E-03 ± 0.92% 5.89E-03 ± 0.55% 5.91E-03± 1.35% 
1500 6.66E-03 ± 1.32% 6.31E-03 ± 1.82% 6.39E-03 ± 1.74% 6.45E-03± 2.82% 
1800 7.31E-03 ± 2.14% 6.92E-03 ± 1.73% 6.92E-03 ± 1.61% 7.05E-03± 3.15% 
Table 6: Friction coefficient of standard (STD) samples at different rotational speed 
FNZ samples 
Rotational 
speed [rpm] Test 1 Test 2 Test 3 Mean value 
300 2.85E-03 ± 5.40% 3.08E-03 ± 3.45% 3.27E-03 ± 2.59% 3.06E-03± 6.91% 
600 3.69E-03 ± 3.46% 3.92E-03 ± 2.03% 4.04E-03 ± 2.14% 3.89E-03± 4.54% 
900 4.35E-03 ± 1.08% 4.54E-03 ± 1.34% 4.58E-03 ± 2.16% 4.49E-03± 2.76% 
1200 4.92E-03 ± 1.36% 5.08E-03 ± 1.67% 5.23E-03 ± 2.15% 5.08E-03± 3.03% 
1500 5.39E-03 ± 1.07% 5.62E-03 ± 1.93% 5.73E-03 ± 2.26% 5.58E-03± 3.16% 
1800 5.96E-03 ± 2.12% 6.15E-03 ± 2.64% 6.54E-03 ± 3.34% 6.22E-03± 4.72% 
Table 7: Friction coefficient of nano-coated (FNZ) samples at different rotational speeds 
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The mean friction coefficient for standard and functionalized samples at different 
rotational speeds is shown in table 8. 
Mean friction coefficient 
Rotational speed [rpm] STD samples FNZ samples Percentage gain (%) 
300 3.83E-03± 9.27% 3.06E-03± 6.91% 20.07 
600 4.67E-03± 1.26% 3.89E-03± 4.54% 16.76 
900 5.36E-03± 0.41% 4.49E-03± 2.76% 16.27 
1200 5.91E-03± 1.35% 5.08E-03± 3.03% 14.10 
1500 6.45E-03± 2.82% 5.58E-03± 3.16% 13.52 
1800 7.05E-03± 3.15% 6.22E-03± 4.72% 11.82 
Table 8: Mean friction coefficient of STD and FNZ samples at different rotational speeds 
The trend of friction coefficient for STD and FNZ samples at different rotational speeds 
is shown in figure 12. The following figure shows that the friction coefficient of 
functionalized samples is lower than standard ones at different working conditions. 
Finally the percentage gain, in terms of friction coefficient, of FNZ samples with respect 
to STD ones has been calculated (figure 13). 
 
Figure 12: Friction coefficient VS rotational speed 
The percentage gain of the functionalized samples with respect to standard ones is 
included between 20% and 12%. The friction coefficient reduction leads to an 
improvement of the mechanical efficiency of the machine. 
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Figure 13: Percentage gain of FNZ samples with respect to STD ones 
5 Conclusions 
The application of special nano-coating surface treatments has been exploited by a 
mixed research team with the aim to reduce the friction losses in a axial piston pump. A 
method for the nano-coating of metallic surface has been developed by ISTEC-C.N.R. 
and applied, in cooperation with IMAMOTER-C.N.R., to the slipper surface commonly 
used in a hydraulic piston pump. To coat the slippers the dip-coating methodology has 
been used and a hydraulic test bench, able to reproduce the real hydrostatic lubrication 
working conditions, has been designed.  
The results obtained in the following work compared to those of the paper [11] differ in 
the operating conditions of the tests. As regards the paper [11] only a test at variable 
pressure has been performed, whereas in the following work two different tests (test at 
variable pressure, test at variable rotational speed) have been performed. The 
rotational speed is equal to 700 rpm in the paper [11], whereas in the following work 
the rotational speed is 1000 rpm. Oil temperature is not taken into account (tests at 
room temperature) in the paper [11], whereas in the following work the oil temperature 
is 50 °C for all tests.  
The laboratory studies performed on coated slippers show that: 
 the nano-structured coating increases the hydrophobicity and oleophobicity of 
the functionalized samples 
 Water contact angle (WCA) for nano-coated samples is equal to 160°, 
promoting the super-hydrophobicity 
 Oil contact angle for nano-coated samples is equal to 128°, promoting the 
oleophobicity 
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The experimental tests performed on the hydraulic test bench show that: 
 Nano-coated samples have a friction coefficient lower than standard ones 
 The percentage gain, related to the functional test at variable pressure and 
constant rotational speed, of the nano-coated samples with respect to standard 
ones is included between 27% and 10%  
 The percentage gain, related to the functional test at constant pressure and 
variable rotational speed, of the nano-coated samples with respect to standard 
ones is included between 20% and 12% 
In conclusion the nano-coated slippers show, in the various operating conditions, a 
clear friction coefficient reduction with respect to standard slippers. This leads to an 
improvement of mechanical efficiency and therefore the overall efficiency of the 
machine increases. 
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Nomenclature 
W Load capacity N 
ps Supply pressure Pa 
pa Atmospheric pressure Pa 
R2 Outer radius m 
R1 Inner radius m 
Tr Resistant torque  Nm 
Lc Load cell kg 
g Gravity acceleration m/s2 
br Reaction arm m 
Ff Friction force N 
bf Friction arm m 
cf Friction coefficient  
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